Abstract-Oral cancer is the sixth most common cancer worldwide, predominantly seen in low and middle-income countries (LMIC). Two thirds of all cases are detected at a late stage when prognosis and treatment outcomes are poor. Oral lesions are commonly detected by visual inspection, followed by invasive surgical biopsy and time-consuming histopathological analysis. Optical coherence tomography (OCT), a minimally invasive tomographic imaging technology, can be used to non-invasively identify premalignant or malignant change in the oral mucosa. In this study, a mobile OCT imaging system was designed, constructed, and tested for its performance as a point-of-care oral diagnostic device in an LMIC. 20 patients with suspicious oral lesions and 10 healthy subjects were enrolled in this pilot study. Two-dimensional (2-D) OCT images as well as clinical examination data, risk habit history, and histopathology were collected. OCT images for healthy oral mucosa, dysplasia, and malignancy were evaluated in a blinded fashion by visual scoring and computed image processing techniques. It was found that the OCT image processing algorithm performed at or exceeded the performance of visual observer scoring of OCT images.
I. INTRODUCTION
O RAL squamous cell carcinoma (OSCC) ranks as the sixth most common cancer worldwide, accounting for approximately 400,000 new cancer cases annually [1] . Two-thirds of OSCC cases originate in low-resource countries of the world [2] . The high morbidity and mortality of OSCC are attributed primarily to late diagnosis, with more than two thirds of OSCC cases diagnosed at loco-regionally advanced states [3] . Prognosis of OSCC is stage dependent, with an average five-year disease-free survival rate of 80-90% if diagnosed at stage I and II and only 20% if diagnosed at stage III and IV [1] . Thus, early detection and prompt treatment offer the greatest hope to patients with oral cancer, providing the best chance of minimally invasive treatment and better disease outcomes.
A. Oral Cancer Clinical Unmet Need
Oral cancer is frequently preceded by oral potentially malignant lesions (OPML) which typically present as red, white or speckled lesions as can been seen in Fig. 1 . Although 1.5%-20% of these lesions progress to OSCC over 5 years [4] , [5] , malignant transformation rates may be as high as 51% for individual lesions such as erythroplakia [5] . The mechanism of malignant transformation remains unclear, and there are no clear prognostic markers informing on risk in individual patients or to guide the specialist's treatment plan [7] . Therefore, patients with OPMLs require frequent and careful monitoring to ensure early detection of malignant transformation. Currently, monitoring is performed by visual examination and incisional/excisional biopsy. The diagnostic accuracy of visual examination is unreliable. In addition, biopsies have poor patient compliance and require specialist skills as well as expensive laboratory facilities that are typically limited to high-resource environments [4] . The key challenge to reducing the mortality and morbidity of OSCC is to generate strategies to identify and detect OSCC at an early stage and to develop a non-surgical means of monitoring lesions that are at risk of malignant transformation. By overcoming this barrier, OSCC outcomes will improve considerably. In LMICs, this need is particularly urgent in remote areas due to the very limited availability of oral cancer specialists.
Approximately two-thirds of OSCCs occur in LMICs, with very high rates in South and South-East Asia (e.g., in Bangladesh, India, Malaysia, Nepal, Pakistan, Sri Lanka, Thailand, and Vietnam) [7] . Tobacco smoking and chewing, 1077-260X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. betel quid use, alcohol abuse and poor oral hygiene are the primary factors for greater oral cancer prevalence [8] . India has the 8th highest age-adjusted death rate of head and neck cancers in the world, and among females the rate is the highest in the world [9] - [13] . The Indian sub-continent accounts for one-third of the world burden [14] . Oral cancer is the most common cancer in India, accounting for 40% of all cancers overall, and for more than 50% of all cancers in some areas of the country [14] . While the 5-year survival rate in the U.S. for OSCC is 62%, the survival rate is only 10-40% and the cure rate is approximately 30% in the developing world [15] .
B. Optical Coherence Tomography as a Potential Solution
Optical coherence tomography, a minimally invasive, non-ionizing imaging modality, can generate high-resolution cross-sectional images of near-surface abnormalities in complex tissues [16] . It can be compared to ultrasound imaging conceptually. Ultrasound generates tomographic images through resolving the time-of-flight acoustic reflections caused by differences in acoustic impedance of tissue anatomy. Given the relatively slow speed of sound in air and tissue, 330 m/s to 1,540 m/s respectively, conventional electronic analog to digital circuitry can be used to calculate the delay and intensity between the emitted ultrasonic waves and the reflected echo from the tissue sample [17] . Similarly, OCT can provide tomographic images through resolving the ballistic back scattered light based echoes generated by differences in tissue refractive indices. Since the speed of light through air and tissue is several hundred thousand orders of magnitude larger than sound at 299,700 km/s and 222,000 km/s respectively, alternative approaches such as low coherent interferometry must be used to resolve light based echoes [18] . For a typical spectraldomain OCT system (SD-OCT) light from a low-coherent superluminescent diode light source is coupled into a fiber based Michelson interferometer comprised of a static reference reflector, 2-D scanning probe sample arm, and spectrometer. Low-coherent light is initially split into a reference and sample beam where their reflections are later combined, interfered, and detected by a spectrometer. The difference in the distance traveled between the two interference arms will cause shifts in frequency that are captured in the interference fringe pattern. From the relationship between frequency and path length of the light traversed, the interference fringe pattern is converted into cross-sectional tomographic images of tissue generated at near histologic resolution with <15 μm depth resolution. The images show the macroscopic characteristics of the epithelial and subepithelial structures. With an oral mucosal penetration depth of approximately 2 mm, the imaging range of OCT is suitable for interrogating the thin (0.2-1 mm) human oral mucosa.
C. Optical Coherence Tomography Oral Cancer Prior Art
There exists a substantial body of prior work utilizing OCT to diagnose and classify normal, dysplastic and malignant lesions in both animal and human in-vivo studies [19] - [22] . Previous studies have shown that the oral mucosa clearly loses its well stratified structure as it progresses from normal to invasive squamous cell carcinoma. Such studies have acquired OCT images and visually compared them to corresponding histopathology. Specifically within the last 10 years, researchers have further investigated quantitative parameters that are sensitive to classify OCT images removing the subjectivity of visual scorers. It has been noted that as tissue progresses from normal to potentially pre-malignant, the squamous epithelium thickens with respect to a baseline normal [23] . Other groups have investigated the intensity distribution in the depth and lateral direction of OCT B-scans where they have discovered that cancerous cell morphologies tend to resemble a more random depth resolved intensity distribution of the OCT signal than their healthy counterparts [24] . The goal of this study was to develop and deploy a low-cost, mobile OCT imaging system and probe capable of triage output for diagnosing OPMLs and OSCC in Bangalore, India. The initial milestone of this study was to train health care personnel to collect OCT image data for healthy, dysplastic and malignant oral tissue with corresponding histopathology. The data would then be used to develop and assess the accuracy of an algorithm capable of classifying normal, dysplastic and cancerous tissue building upon the prior art of quantitative analytic approaches.
II. METHODS
This prospective clinical study was initiated after obtaining IRB Approval from The Narayana Health Medical Ethics committee (NHH/MEC-CL-2015-279). Patients referred to the Mazumdar Shaw Cancer Center, Bangalore, India, and clinically diagnosed to have OPMLs and malignant lesions were enrolled in the study. Patient overview is shown in Table I .
A. Clinical Study Design
After a conventional oral clinical exam, the following six areas were imaged with 2-D OCT: left and right buccal mucosa, dorsal and lateral surfaces of tongue, labial mucosa, and floor of mouth. Two to three averaged 2-D OCT B-scans 500 A-lines in length were acquired at each site as can be seen in Fig. 2 . Punch biopsies were then collected as per standard of care from any areas that appeared clinically suspicious and were subsequently processed for histopathological processing. The OPML and malignant lesions were reported as non-dysplastic, mild, moderate or severe dysplasia, or invasive carcinoma based on the World Health Organization criteria [19] . 
B. OCT Imaging System and Probe
In-vivo OCT images were acquired using an SD-OCT system and prototype 2-D scanning long GRIN rod probe Fig. 2 
(a)-(b).
The SD-OCT system using center wavelength of 930 nm has an axial resolution of 7.0 μm and lateral resolution of 15.0 μm in air. Using a 1.2 kHz 1024-point CCD line-scan camera on the spectrometer detection arm, an imaging speed of 2 frames/second was achieved with 500 A-lines/frame. The 2-D long GRIN rod (Gradient lens corporation, Tremont NY) probe is comprised of a gold coated galvanic scanning mirror, a pair of scan lenses, a rigid one pitch gradient refractive index (GRIN) rod and an objective lens. A long rigid one pitch GRIN rod was used in this study to relay light from the proximal portion of the probe to the patient's tissue. For this study, the GRIN rod on the probe was designed to be longer to provide approximately 60 cm of separation between the clinician and the patient to ensure social gender appropriateness for a rural population in India.
C. OCT Image Analysis
Retrospective data from 10 subjects each with representative OCT images for healthy, dysplastic and malignant oral mucosa were selected by a non-blinded investigator. These coded OCT images were scored by a blinded visual scorer who had been pre-standardized to 95% agreement with histopathology using 200 standard OCT images with matching histopathological diagnoses from our University of California Irvine OCT image database. After scoring completion, the evaluator was unblinded and then provided advice on optical criteria that could be useful to define normative optical characteristics to generate a diagnostic algorithm for distinguishing between healthy, dysplastic and malignant mucosa. Finally, image data was evaluated using an image-processing algorithm created in MATLAB (Natick, Massachusetts).
III. IMAGE PROCESSING METHODS
Preprocessing of OCT images was necessary as imaging artifacts caused by spherical and chromatic aberration in the probe design resulted in distorted OCT images Fig. 3(a) . To remove the distorted shape of the oral mucosa an edge detection and flattening algorithm was utilized [20] . OCT images were then classified as normal, dysplastic, and malignant through a twostep decision tree. Initially, OCT images were categorized into two categories: non-malignant (normal and dysplastic) vs malignant through a comparison of optical tissue stratification. Subsequently, the "non-malignant" group was broken down into characterization as either "healthy" or "dysplastic" by observing changes in the deviation of the identified basement membrane at the epithelium-lamina propria junction.
A. Healthy and Dysplastic vs. Malignant
From a superficial observation, the presence of clear and organized epithelial stratification with demarked boundaries in OCT images can readily give the viewer a sense of tissue classification with regard to "non-malignant" vs "malignant".
Non-malignant tissue were represented in OCT images by a clear tissue stratification and an intact basement membrane as seen in Fig. 4(a, b) . However, as seen in Fig. 4 (c) malignant lesions of the oral mucosa lacked tissue stratification and basement membrane delineation. Based on these observations an algorithm was developed to analyze the depth resolved intensity distribution to distinguish images of non-malignant tissues from those of malignant sites.
Firstly, a region of interest (ROI) was selected from the original OCT image. An edge detection algorithm previously developed was applied on the ROI to obtain the edge of the first layer. The tissue under consideration was then flattened to a given height with respect to the edge previously found. After flattening, averaging was conducted in the lateral scanning direction of the image. The intensity of every 5 vertical A-lines was averaged together to remove speckle artifacts. Lastly, the intensity of every 20 horizontal segments in the depth axis were averaged together to remove the small peaks in intensity along the depth axis seen in Fig. 3(c) . A pre-built function in MATLAB was then utilized to determine the number of peaks in the resulting smoothed depth resolved intensity profile.
B. Healthy vs. Dysplastic
Further differentiation within the "non-malignant" tissue group to distinguish healthy from dysplastic areas was achieved by evaluating the epithelium-to-lamina propria junction seen in the OCT images. During the development and progression of dysplasia, the squamous epithelium thickens and begins to grow down into the underlying lamina propria [22] . This downward growth is realized as a change in basement layer morphology seen in Fig. 5(c) . Thus, the images of non-malignant oral tissues were analyzed for vertical deviation in the basement membrane. From the flattened images previously described, the algorithm prompts the selection of an ROI that covers the boundary of the epithelium and lamina propria. The area is then subjected to the previously described edge detection algorithm to outline the epithelium-lamina propria boundary. The average height of this edge is computed to then calculate the deviation from this value to epithelium-lamina propria boundary. The absolute value of the deviation from the average height position of the edge is determined for all points across the edge and averaged. The standard deviation of the deviations along the identified edge are calculated and utilized as a classification criterion in addition to the average deviation.
IV. RESULTS AND DISCUSSION
Malignant and pre-malignant or healthy lesions were classified based on the number of peaks identified in the depth resolved intensity distribution. It was found that a minimum of two peaks were observed in the non-malignant oral mucosal images, while only one peak was observed in images of cancerous tissues presented in Fig. 4(c) . From this analysis, the number of peaks with a threshold of two peaks were identified as primary diagnostic decision criterion between cancerous and potentially pre-malignant. The loss of heterogeneity between potentially pre-malignant lesions and cancer agrees well with previously published work [25] .
Pre-malignant or dysplastic and healthy OCT image classification was achieved through the previously discussed epitheliallamina propria boundary deviation. As can be seen in Fig. 6 , the dysplastic and healthy OCT image data is well separable using the average deviation and edge standard deviation parameters. An average deviation value of 6 provided a sensitivity and specificity of 90 and 100% for the classification between dysplastic and healthy OCT images. The average deviation values for the dysplastic and healthy group provided statistical significance in a student t-test with a p-value of 1.2 × 10ˆ−4. When considering the standard deviation of the distribution of deviations, a standard deviation of 3.3 provided a sensitivity and specificity of 100 and 90% respectively. The standard deviation values for the dysplastic and healthy group also were statistically significant with a p-value of 5 × 10ˆ−3.
Diagnostic agreement with the histopathological gold standard was determined through the Cohen's kappa coefficient of agreement (κ) as well as diagnostic positive predictive value (PPVs), negative predictive value (NPVs), sensitivity, and specificity for the diagnostic classifications of the clinical scorer and algorithm. The results are summarized in Table II . Table II we can see that the diagnostic algorithm has a higher κ, PPV, and NPV when differentiating both normal from dysplasia/cancerous legions and dysplasia from cancerous legions in comparison to the clinical observer. These results suggest that the diagnostic algorithm could provide a higher level of agreement with the gold standard of histopathology compared to the diagnostic conclusions determined by the clinical observer.
A. OCT Image Analysis: Diagnostic Algorithm vs. Clinical Observer
Diagnostic sensitivity and specificity by the visual scorer were accurate due to extensive scorer training and prestandardization. Since this study was designed to provide the foundation for developing the basis for a diagnostic algorithm with the goal of identifying "typical" optical parameters for healthy, dysplastic and malignant tissue images acquired with histopathological correlation were included in the study. Sensitivity for differentiating between healthy and dysplastic/ cancerous tissue via the image processing algorithm outperformed the clinical scorer by 6%. This could be explained by the notion that clinicians may tend to over-diagnose their patients to prevent a missed diagnosis. However, over-diagnosis can lead to unnecessary tissue biopsy, and possibly reduced patient compliance with any future biopsy recommendations for the purposes of surveillance or diagnosis. It also results in unnecessary cost and use of valuable specialist time and resources.
The diagnostic specificity for differentiating cancer and dysplastic tissues for the clinical observer vs. the diagnostic algorithm differed by approximately 11%, with the algorithm performing better than the clinical scorer. The reduced accuracy of visual scoring in this context could be attributed to the challenge of identifying the visually less evident changes in the OCT image that are typical for dysplasia vs oral squamous cell carcinoma. These results suggest that the OCT system, probe and image processing methods developed can inform on triage and provide diagnostic guidance when specialists for biopsy and histopathological evaluation are not available. By using a standardized image-processing algorithm with identical work flow between patient's OCT images, the interpretation uncertainty in a clinical observer's diagnosis could be removed to permit qualitative analysis of tissue features that may not be obvious to the naked eye.
B. Comparison of OCT to Other Oral Screening Methods
One can observe the diagnostic and screening potential of OCT imaging paired with an image processing algorithm when comparing sensitivity and specificity of other well documented oral cancer screening tests. A conventional method of oral examination (COE), using incandescent light is a long standing standard method for oral cancer screening [26] . For COE typical sensitivity and specificity measured across multiple large scale clinical trials measured 85% sensitivity and 97% specificity [28] . The OCT imaging system and image processing algorithm used in this study evidenced better diagnostic performance than COE. Thus, the proposed OCT-based approach can be a potential adjunct to improve the sensitivity and specificity of COE. However, in a resource rich environment, OCT may not provide similar benefit. In this circumstance the accessibility to biopsy and histopathological processing and interpretation would provide the highest achievable sensitivity and specificity. However, OCT can be used to guide clinical decision making and biopsy in the oral cavity, an area with high functionality for speech and swallowing and conservation of tissues is an importance.
Several existing oral cancer screening tests use narrowemission tissue fluorescence approaches [29] . Typically, their sensitivity is considerably better than their specificity. Two such devices are the VelScope and the Identafi [29] , [30] systems. For both systems, the user is required to make a subjective conclusion based on what he/she perceives from the fluorescent images. This in-turn creates the need of training a specialist, which would limit the usability of the device in a remote, underserved or non-specialist setting [5] , [7] . Lastly, a Stanford research group has recently developed Oscan, an illumination attachment for oral cancer screening. The low cost of the Oscan device makes it an attractive option to be used in LMIC health care settings, but poses several limitations previously discussed. Similar to the VelScope device, the Oscan system cannot access the posterior regions of the oral cavity including the oropharynx providing an incomplete screening of oral health.
In contrast to high power 1 W UV source (400-460) that is used for the VelScope, OCT utilizes a safe, low-power near infrared light source (5 mW 1310 nm) that do not pose any safety hazards to the physician or patient during operation, yet provides comparable sensitivity and specificity. OCT devices, similar to the probe and system presented in this work, are configurable to specifically image hard to reach oral regions that are not readily accessible with current fluorescence based imaging systems. With further improvements in the imaging probe lateral resolution, and spherical aberration it is likely that an OCT system will provide excellent triage guidance for oral pre-cancer and cancer in non-specialist settings. However, in resource rich areas it would still be advantageous to conduct the typical workflow of conventional oral examination
C. Cost and Performance of the OCT Imaging System
The cost of the imaging system was considered in this study to produce a suitable price point for systems deployable in LMICs. The material cost for the imaging system used in this study including a 2-D imaging probe and laptop totaling $23,500. As previously mentioned the axial and lateral resolution of this imaging system was 7.0 μm and 15 μm respectively, with 2 frames/second at 500 A-lines per frame. The Imulux Niris OCT imaging system and flexible endoscopic forward viewing probe with axial and lateral resolution of 10 μm imaging at 1 frame/second was priced at $65,000. The Niris OCT system was used in the earlier work investigating the use of OCT to discern differences between healthy and abnormal oral mucosa [19, 31] . This imaging system could be considered the first push towards a commercially available OCT system and probe. However, its high price tag with lacking performance make it a less than ideal OCT system compared to the system used in this work. Recently, S. kim et al. published their design of a low-cost portable OCT system at a $7,164 price point [32] . The compact OCT imaging system and probe achieve comparable performance to the system presented in this work with an axial and lateral resolution of 7.0 μm and 17.6 μm respectively. The low-cost system achieves an imaging rate of 12 frames per second pushing ahead of the 2 frame/second imaging rate of the system used in this study. However, their probe design does not account for the miniature form factor necessary to image the oral cavity. Utilizing the imaging system core with the proper probe form factor and scanning optics presented in this study, would be the ideal candidate for compactness, value, and performance.
V. CONCLUSION
A mobile OCT imaging platform and long GRIN rod scanning probe were developed and deployed at a healthcare center in Bangalore, India. Oral mucosal health was diagnosed by visual analysis of OCT images via a standardized blinded scorer and an image-processing algorithm, with biopsy and histopathology serving as the gold standard. In this pilot study of 30 patients, similar levels of diagnostic sensitivity and specificity resulted from image analysis by a blinded clinical scorer and a novel diagnostic algorithm. This work suggests that our image processing algorithm and mobile imaging system could provide a useful screening and triage tool for basic level field screeners where specialist expertise and facilities are not available. Future work will focus on improving the imaging speed and cost of the compact mobile system and the discriminatory abilities of the image-processing algorithm.
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